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ABSTRACT

Progress during the second quarter of 1970 is reported. Variable-capacitance
transducers will be installed on the three strain seismometers in July for a
broad-band output. A second microbarograph records pressure fluctuations
outside the mine. A second Develocorder and an analog computer are recording

second 325 deg azimuth strain seismometer will be used to construct a vertical
seismometer in July. Magnets and coils on the Lp inertial seismometers were
returned to a standard configuration to match the strain response. A low-pass
filter cn the input to the strain preamplifier has limited amplifier saturation
from large signals out of the passband. The mine seal has been improved to

a 4 hour time constant. Three methods of obtaining system transfer functions
from special test data were investigated. The most practical is to record

the output from a step or impulse of current into the calibration coil and

Magnetic tape playback and on-line recordings provids enhancement of signals,
wave type identification, and sharpened time breaks from interfering events
and from low-level teleseismic earthquakes. Enhanced short-period recordings
demonstrate that Pn, Pg, Sn, and Sg travel times from Rangely, Colorado, to
QC-AZ are significantly longer than between NTS and QC-AZ. Examples of small
surface waves detecied are: My = 4.1 at 62 deg, M, = 4.0 at 25 deg, and

™ = 4.2 at 100 deg. Power spectral density, coherence, and phase angle com-
parisons between parallel strain seismometers during low and gigh wind condi -
tions and earthquake signals demonstrate that the instruments”are operating
properly and that calibrations are accurate. The history of the evaluation
of wind-related LP noise is reviewed. Theoretical equations are developed for
strains and tilts in a half-space from a plane wave pressure fluctuation. At
50 sec, a horizontal inertial seismometer operating at 100K (at 25 sec) has
magnification§ for displacements of 45,000, for Rayleigh waves of 46,300 and
for tilts of 27,900,000. A hypothesis is presented that at all hard rock
seismograph stations non-linear rigid block tilting occurs as a vzsult of
pressure loading and Rayleigh waves. Evidence that supports this hypothesis
is: (1) There is a slight relative amplitude shift with frequency and a 90
deg relative phase between the two parallel strain seismometers. (2) The
horizontal pendulums respond to significantly more tii't than is associated
with a Rayleigh wave,
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DEVELOPMENT OF LP WAVE DISCRIMINATION
CAPABILITY USING LP STRAIN INSTRUMENTS
Quarterly Report No. 8, Project VT/8706

1. INTRODUCTION

This report discusses the progress during April, May, and June, 1970 in the
installation and preliminary operation of long-period (LP) strain and inertial
seismographs with equivalent magnification and response characteristics, The
instruments are being used to develop techniques for discrimination of LP
seismic waves. _The major, effort on each task of the Statement of Work is
discussed in separate sections. Thi¢ report is to apprise the Project Office
of the current status of Project VELA T/8706. It is submitted in compliance
with Sequence-No. A004 of the Contract Data Requirements List, Contract F33657-
69-C-0121.

2. DEVELOP DESIGN SPECTFICATIONS, TASK a(1)

’

This task has been completed.

)
)
),
y 3

3. DETERMINE THE MOST EFFECTIVE TECHNIQUE, TASK a(2)

This task has been completed.

4. DESIGN, FABRICATE, AND TEST LABORATORY MODELS, TASK b(1)

1

This task has been completed.

5. DEVELOP A FINAL ENGINEERING MODEL DESIGN, TASK b(2)

This task, which was previously reported complete, was reopened when it became
evident that a drift problem in the Optical Displdcement Transducer, Model
32770, would require extensive testing and possible redesign. Since a recently
designed Variable Capacitance Displacement Transducer (VCT) had been success-
fully operated by another group, it was decided that design efforts could be
most profitably directed toward an adaptation of the VCT for use at Queen
Creek,”Arizona, Seismological Station (QC-AZ).

-1-
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5.1 OPTICAL DISPLACEMENT TRANSDUCER, MODEL 32770

and (2) the source of a serious long-term drift in the transducer. In the
first test, the unit was installed on the $S325-1 strain seismometer. (The
QC-AZ instrument nomenclature, recorder channel allocations, and polarity
conventions are given in the appendix.) Operation for several days showed an
increase in noise on the S325L1 seismograph only while the thermal environ-
ment readjusted to the approximate 10 watt dissipation of the transducer.
Long-term thermal effects were not studied because of unfavorable Tesults on
the second test. The long-term drift which had been observed in the under-
ground vault in Garland was not improved by operation of the transducer in the
thermally stable mine environment. With all optical elements mounted on the
test fixture, the drift continuéd in the same direction and exceeded the dynamic
range of the instrument, usually within 24 hours. The problem was further
aggravated because the necessary frequent adjustments disturbed the thermal
equilibrium of the instrument and started the drift cycle all over again.
Although the drift was obviously an effect of temperature change, field tests
were unsuccessful ‘.1 pinpointing the source. Therefore, the development of
the optical transducer was abandoned.

5.2 VARIABLE-CAPACITANCE DISPLACEMENT TRANSDUCER

Development of a displacement transducer for use on a strainmeter was begun
under the Leng Range Seismic Measurements (LRSM) program, Project VT/8703, at
about the same time that work was started on the optical transducer on Project
VT/8706. The VCT, described by Shopland (1970), was successfully operated as
part of a strainmeter in a special test under Project VT/8703 during February,
March, and April of this year. When field tests on the optical transducer
produced unfavorable results, it was decided to adapt the VCT for use at QC-AZ.
Since the original transducer was designed for unattended operation in shallow
trench installations which would be subject to large strain noise rates, it
was possible to simplify the new design to take advantage of better operating
conditions in the QC-AZ mine. In particular, the following design modifications
were made:

1. Only one variable capacitance detector was used for the transducer;

2. Power supply circuits were modified to be compatible with the existing
QC-AZ power subsystem:

’

3. Remotely operated coarse and fine adjusting assemblies were omitted;
4. A 10:1 parallelogram-lever type motion reducer driven by a 2 um per
division micrometer was substituted for the 100:1 reducer driven by a 10 um/

div micrometer.

The resulting design, although lacking some of the features of the original
design, can be built quicker at a considerably lower cost.

TR 70-29



Preliminarv specifications of the transducer are as follows:

Sensitivitv (detector) 40 mV per micron displacement

Noise level (detector) S0 uV p-p in the period range of
1000 to 1 sec

Linear range of operation *10 pm minimum for +] percent lin-:arity

Dynamic range (detector) 70 dB, minimum

Long-term dri ft 150 wv/°c

Frequency response Flat in strain from dc; 6 dB down @7.5 Hz

Cut off rate 12 dB/octave

Min. detectable strain 31 ax 10'11, dc to 5 Hz (40 m rod length)

Power: Voltage +19 to +23 Vdc, -19 to -23 Vdc, center
conmon

Power - 2 watts, maximum

The transducer consists of a dual, differential capacitor connected to a
detector circuit which is shown schematically in figure 1. The center capacitor
plate is attached to the strain rod and is maintained at ground potential. It
moves between two fixed active capacitor plates. With the center plate midway
between the other plates, capacitance of both capacitors is nominally 100 pF.

In the detector, Z1 and 72 are integrated circuit operational amplifiers
connected as a free-running multivibrator. At balance, the complementary
outputs of Z1 and Z2 are symmetrical square waves which contain no dc component.
If the center plate is displaced, the capacitance of one side of the dual
capacitor goes down while the other capacitance goes up in proportion to the
displacement, Proportional changes are produced in the time constant circuits

nonsymmetrical square wave at approximately the same frequency as that at
balance. These nonsymmetrical outputs are then filtered and the resulting dc
components are applied to the positive and negative inputs of amplifier Z3.
The output of 23 is a dc voltage proportional to displacement.

In early June, design of the necessary mechanical components for the VCT was
completed. No further design work under this task is planned. >

6. DESIGN A FIELD TEST INSTALLATION, TASK b(3)

This task has been completed.
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7. DESIGN, FABRICATE, AND INSTALL THE FIELD
TEST INSTALLATION, TASK c(1)

7.1 FABRICATE INSTRUMENTATION
When design work on the VCT was completed in early June, all necessary electronic
components were ordered and fabrication of the mechanical parts was begun.

The three transducers are scheduled for completion in early July, after which
no further work under the sub-task is planned.

7.2 INSTALLATION OF THE STRAIN/INERTIAL COMPLEX

7.2.1 Additional Equipment Installed

During this reporting period, several items of equipment were added to the
QC-AZ system. The equipment was furnished to Project VT/8706 as Government
Furnished Equipment (GFE).

The first major addition was a complete microbarograph system for monitoring
outside air pressure changes. The system was installed on 8 April 1970 and
has been recording on film and tape as ML2. The microbarograph transducer
senses pressure changes with a single port and the overall response of ML2 is
flat to rate-of-change of pressure from about 47 to 200 seconds. Calibration
of the two microbarograph systems outside and inside the mine shows that the
mine seal provides more than 40 dB attenuation of outside air pressure changes.

On 16 May 1970 routine operation of a second Develocorder, Mod:1l 4000, was
begun. Prior to putting it in operation, the unit was dismantled for thorough
tieaning, general maintenance, and updating with a light-slash time line marker.
Recordings of various on-line sums and differences of the long-period strain
and pendulum seismographs provide four beams steered toward azimuths of 325,
55, 145, and 235 degrees. Data are being used to demonstrate the on-line
capability of the strain-inertial complex to enhance surface waves and to aid
in wave discrimination and wave type identification. Signal isolation and
gain control for the various sums is being provided by operational amplifiers
in an Analog Computer, EAI, Inc., Model TR-10. The computer and the data
control equipment for the second Develocorder required addition of a fifth
equipment rack in the primary recording van.

7.2.2 Future Plans

Data collected from the two side-by-side 325 deg azimuth strain seismometers
are considered adequate for the purposes of the test. Therefore, the temporary
§325 scismometer will be removed and its components installed for vertical
operation in early July. Also, it is expected that the broad-band transducers
can be completed and installed in late July. At that time, the installation
phase at QC-AZ will be complete.

TR 70-29



8. CONDUCT NOISE AND STABILITY TESTS, TASK c(2)

Noise and stability tests are being conducted as part of the system operation.
Results of the noise and stability tests are given under tasks d(1) and d(2).

9. (CONDUCT PRELIMINARY OPERATION AND EVALUATE
INSTRUMENT PERFORMANCE, TASK c(3)

Preliminary operation has been completed and evaluation of instruments will be
a continuing part of the system operation. Instrument evaluation is reported
under tasks d(1) and d(2).

10. OPERATE THE STRAIN-INERTIAL SYSTEM, TASK d(1)

Routine operation of the strain-inertial complex was continued on a 7-day-a-

week basis. At the end of this reporting period, 21 separate seismograph

channels and 5 environmental data channels were being routinely recorded on

two 16-mm film recorders, one 35-mm film recorder, and three 14-channel FM

tape recorders. Data were interrupted several times for equipment installation,
modification, ard maintenance. ‘

10.1 EQUIPMENT MODIF1CAT1ONS

10.1.1 Long;Period lnertial Seismometers

In early April, the amplitude responses of the long-period (LP) inertial
seismographs indicated a serious variation from the theoretical curve. Since
the strain seismographs were built to match the theoretical Advanced Long-
Period Seismograph (ALPS) response, the different inertial response resulted
in a degradation of on-line sums and differences between strain and inertial
seismographs. The problem was traced to the seismometers which were equipped
with more efficient transducers than the standard design. These prototype
transducers were installed in another program prior to the transfer of the
seismometers to Project VI/8706. The higher magnet charge and greater length
of wire in the coils resulted in a seismometer with a much higher critical
damping resistance (CDR) than normal. For example, the two horizontal seismo-
meters had a CDR of about 2500 Q as compared to the standard value of 1510 &.
This high CDR resulted in overdamped seismometers when other system parameters
were set to nominal values. 1n the ALPS system where the seismometer and e —
galvanometer are direct coupled, seismometer and galvanometer damping plus the
coupling coefficient are interrelated so that one parameter cannot be changed
without affecting the other. It was therefore necessary to modify the trans-
ducers to obtain standard values of coil wire length, coil resistance, and
magnet flux density.
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New coils with less wire were wound and installed on the seismometers beginning
on 21 May. These nev coils incorporated a recent improvement in LP seismometer
coils developed especially for high-gain operation. This improvement balances
the dimagnetic and paramagietic properties of the coil/coil-form assembly so
that non-linearities in restoring force are minimized. In addition to the
installation of new coils, magnet charge was adjusted on the seismometers.

The vertical seismometers presented more of a problem than the horizontals.
Since the vertical instrument requires a higher flux density than the hori-
zontals (0.195T and G."..., respectively) and the prototype magnets could not
be charged to a 0.195T flux density, standard magnets were used as replacements.
The modifications to the vertical seismometer were completed on 18 June. A
final (fine) matching between the strain and inertial seismographs will be

made in the near future.

10.1.2 Strain Seismographs

When using broad-band, solid-state amplifiers with velocity transducers, high
frequency signals outside the normal passband can very easily saturate the
amplifiers. In the strain system, this probiem was anticipated and the flag
output was incorporated in the strain filter unit to sense this excess voltage.
After a spare 20-channel galvanometer bank became available to replace the
galvanometer bank in Develocorder No. 1, recording of the flag trace as a 20th
channel was begun on 27 April. It was immediately obvious that many of the
large spikes recorded on LP strain channels were the result of Ithaco amplifier
clipping associated with high amplitude short-period signals. To minimize

this preamplifier clipping problem, capacitors were put across the transducer
coil output leads on 11 May. The capacitors and coil resistances form single
pole low-pass filters with a cut-off corner at 0.8 Hz. These filters reduce

10 Hz signals by about 20 dB, but do not affect periods long compared to 1.25
sec (0.8 Hz). The filters have been very effective in reducing the frequency
of occurrence of saturation. It will be necessary to modify the short-period
section of the Strain Filter, Model 33350 to achieve matched responses between
short-period strain and inertial seismographs. The modification consists of
changing the normal 0.8 Hz narrow band-pass filter to a 0.8 Hz high-pass filter.
This filter, together with the low-pass coil-capacitor input filter, will form
a composite, critically damped band-pass filter. It will be necessary to
adjust the existing circuits to change the damping of the short-period inertial
seismometers from 0.69 to 1.0 of critical to achieve matched short-period
responses.

In another modification, the responses of the ultra-long-period (ULP) strain
seismographs were changed to reduce the signal level at the recorders for
periods longer than about 300 seconds. The original UPL2 response, which was
flat to ground displacements from travelling waves at periods from 30 to 1000
seconds, allowed recording of high level, very long-period noise which limited
the usefulness of the ULP recordings. The new response, designated ULP3, was
achieved by substituting 283 sec low-pass filter cards for the 1000 sec filter
cards, and is flat to ground displacements from travelling waves at periods
from 30 to 283 seconds. The 283 sec low-pass filter is used in the ULP 1
response, so the cards for this change were on hand. In addition to the 283
sec filter change, the 30 sec low-pass filter cards were modified to provide
an additional 14 dB of circuit gain. This was necessary to obtain sufficient
background voltage for magnetic tape recordings.
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10.2 MAINTENANCE

During April, considerable time was devoted to locating the cause of excessive
noise on the LP inertial seismographs, especially P55L. The noise was found

to be a combination of ground loops and 60 Hz voltage pickup in the unamplified
data circuits. Ground loop problems at QC-AZ are increased by high ground
resistivity which results in a 60 Hz potential difference of about 10 V p-p
between the seismometer room and the adit of the mine. This problem was
minimized by careful grounding techniques. The 60 Hz voltage pickup was found
to occur in the twisted-pair, No. 12 AWG, solid copper data lines which extend
some 460 feet from the seismometers to the phototube amplifiers (PTA's).

. Shielded data lines solved the problem.

Lightning damaged the Ithaco amplifiers in the strain system on 27 April and

on 24 June. 1n both cases, shorted transistors in the amplifier output stages
indicated that overvoltages were occurring on the field lines between the
amplifier and the vans. The lightning protection circuits consist of gas-
discharge diodes and high surge semiconductor diodes across the lines, and large
inductors in series with the lines. These circuits are identical with circuits
being successfully used on other programs but. no reason has been found for
their failure to adequately protect the QC-AZ circuits.

During this period, the mine seal was improved by eliminating leaks around the
second and third ship's doors in the mine. Larger leaks, especially around
the masonry holding the doors, were sealed with caulking compound. Smaller
leaks were found in the many cracks in the rock around the doors. These were
sealed by painting a relatively large area around both sides of the doors with
a portland cement slurry. The time constant of the instrument room behind

the third door is now about 4 hours and the time constant of the area between
the second and third doors is about 40 minutes. This is considered more than
adequate for successful operation.

10.3 AMPLITUDE AND PHASE RESPONSE

The determination of the amplitude and phase response of all the seismographs
is essential to evaluate the precision of match between the strain and inertial
seismographs. Considerable time is required to obtain amplitude and phase
responses of long-period systems. Several cycles of each frequency with good
signal-to-noise ratio are required. Amplitude responses are recorded on the
f£ilm recorders and can be measured and plotted at a later time. Phase responses
are obtained by adjusting phase of a calibration signal on a variable-phase
function generator until the Lissajous figure on an oscilioscope indicates

zero phase between the function generator reference output and the séismograph
output. After numerous cycles are observed, phase adjusted, and reobserved,
the phase difference is read from the dial and written down.

Three methods of obtaining the system transfer functior by analytical processing
of special test data have been considered: (1) random noise input; (2) numerical
differentiation of the response to a step of current into the calibration coil;
and (3) a least square fit between a theoretical pulse from a seismograph with
known parameters and an actual pulse resulting from a step of current into the
calibration coil. The second method was found to be the most practical because

-8-
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it required less lost data than the first method and because it produced a more
satisfactory solution than the third method.

To obtain the seismograph transfer function from a random noise input, a
sufficiently long data sample must be obtained to provide the desired statisti-
cal stability of the cross power spectral density between the input and the
output. A data sample at least 32 min duration would be necessary for periods
up to 100 sec and at least 6.7 hr duration would be necessary for periods up

to 2000 sec. An attempt was made to use the white noise from a resistor on
‘the input of a broad-band dc amplifier driving the calibration coil of an
inertial LP seismometer. With the broad-band system, 60 Hz noise dominated the
calibration coil input. When it became evident that extreme grounding pre-
cautions would be necessary, the experiment was deferred to the other two
methods and to other more pressing installation problems.

The three inertial P(Z, 325, 55)L seismographs were attenuated to improve the
signal-to-noise ratio and several steps of current were applied to each of

the three calibration coils separately. Figure 2 is a recording made from the
magnetic tape. It shows the reduction in microseismic background by the
attenuation and the first current-on and current-off and second current-on
pulses on the PS55L seismograph. These pulses were digitized and were used for
evaluation of both methods two and three. Both meghods use the fast Fourier
transform algorithm of Cooley and Tukey to perform“the required calculations
rapidly.

The second method is straightforward, but contains the problems associated with
numerical differentiation. The seismogram pulses are equivalent to the output
of the seismograph for a step of acceleration input. (A step of current into
the calibration coil produces a step of force F on the inertial mass M which

is accelerated at the rate of F/M.) The desired amplitude and phase response
is for an input of an impulse of displacement. To obtain the desired transfer
function three derivatives are taken. Because of the excellent signal-to-noise
ratio, the fi.st attempt was to take the Fourier transform_into the frequency
‘domain and take a triple derivative by multiplying by (iw)”, The first
derivative (figure 3a) appeared smooth at all frequencies, and the desired
third derivative (figure 3b) was relatively smooth at periods from 512 down to
20 sec. Below 20 sec the noise caused erratic results. A seven-point parabolic,
least squares, smoothing (Lanczos, 1956) was then accomplished before each
derivative was taken. The smoothed amplitude response is plotted down to 10
sec in figure 4 along with the experimentally measured -amplitude curve. At

18 sec and 12 sec microseisms are seen to contribute noise to the result; how-
ever, when matched with the experimental curve, the results are very good when
the microseismic erergy is allowed for. The phase response curve is plotted

in figure 5. A five-point, parabolic, least-square, smoothing was also tried,
but the true data are sufficiently smooth that the seven-point smoothing
produced better results for very little additional computation time.

The third method used to ¢btain the seismograph transfer function was considered
unsuccessful. The method was developed by Mitchell and Landisman (1969) for

the World Wide Standard Seismograph Network (WWSSN) recordings. A set of
seismograph paramete*s arve input to the program. A theoretical time domain
response to an input step of acceleration is calculated using numerical inte-
gration which is inherently more stable than numerica) differentiation.
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Figure 3. Amplitude response of P55L calculated from the pulse in figure 2
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A set of partial derivatives of the time domain pulse to changes in seismometer
and galvanometer free period and damping is calculated. A least squares adjust-
ment increment in these four parameters is calculated. The parameters are
adjusted and the program iterates until the residual sum of squares between the
theoretical and the actual time series is below a predetermined acceptable
level. The WWSSN LP seismograph has a seismometer, an attenuation circuit, a
galvanometer, and a photographic recorder with a light beam reflected off the
mirror in the galvanometer. The QC-AZ seismographs contain electronic filters
that do not have a counterpart in the WWSSN. It was necessary to add the
transfer function of these filters to the program so that the proper theoreti-
cal response could be calculated. The filters are PTA plug-in filters, Model
No. 6824-14, without a 6 sec notch, and Model No. 6824-15, with the notch.

The parameters of the actual filters vary slightly from one to another, and

the use of slightly incorrect corner frequencies may have affected thz results
some, but more serious problems were encountered. Since Mitchell and Landisman
had such good success, the program was first used with real data. After
completely unacceptable results were obtained, the measured system parameters
were input to the program and the theoretical time domain pulse was output to
use as an artificial signal for a test case. With this artificial signal,

and parameters within 5 percent of the true parameters input to the program,

it did not arrive at a correct solution after 25 iterations, although it was .
slowly incrementing in the right direction. Because the program did not
converge rapidly, because it was very sensitive to the pulse start time and
thus signal-to-noise ratio, and because of the longer computation time, this
method was abandoned in favor of the second more straight-forward method.

10.4 FUTURE PLANS

Out of necessity, operations have been continued throughout parts of the
installation and testing phases. As a result, data’ quality has suffered
somewhat, although collected data are adequate for the most part. In the next
quarter, work on installation and testing tasks is expected to decrease.

More emphasis can then be placed on the collection of consistent, well cali-
brated, high quality data.

11. DEVELOP METHODS OF WAVE DISCRIMINATION, TASK d(2)

Methods of wave discrimination and methods of verifying proper instrument -
operation are being developed and pursued. In this report the preliminary
Tesults obtained with some of these methods are presented. An example of

the enhancement of LP seismic waves from two interfering events is demon-
strated. An illustration is presented of the enhancement of the arrivals from
an explosion and of the arrivals from an earthquake in the coda of the Lg wave
from the explosion. Examples of detection of surface waves from small events
. including an m, = 4.2 at an epicentral distance of 100 deg are illustrated.
Results of an experiment to compare parallel horizontal strain seismometérs
are discussed. And, linear and non-linear tilt noises on the horizontal
inertial seismographs are analyzed.
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11.1 ENHANCEMENT OF S1GNALS FROM INTERFERING EVENTS
On 20 May 1970 two earthquakes occurred in opposite azimuths from QC-AZ. The

arrival times of many of the elastic waves overlapped. The United States Coast
and Geodetic Survey (USC&GS) Preliminary Determination of Epicenter (PDE) data

Event 1: ¢ = 2003:42.2, 55.95, 28.3W, South Sandwich Islands Region,

h = 70, M =6.0, A =113.5 deg, azimuth station to epicenter = 142.,5 deg.

Event 2: ¢ = 203C:54.7, 51.5N, 178.5W, Andreanof Islands, Aleutian Is® ;

h = 48, my =5.7, A =50.6 deg, azimuth station to epicenter = 312.0 deg.

Epicentral distance and azimuth have been calculated from the PDE data, but are

listed with the PpE information throughout the report. Figure 6 shows the great

circle paths from the two epicenters to QC-AZ. Note that the path from event
2 is tangent to the Aleutian 1s]apd Arc at the beginning of its path. This
passage through the anomalous island arc structure undoubtedly affected the
amplitude and direction of trave] of the seismic waves received at QC-AZ,

Before Proceeding to the seismograms, the Tresponse of the combined strain and
pendulum seismographs will be reviewed. When a strain and inertiaj seismo-
graph are added, they enhance Rayleigh and Love waves in a certain azimuthal
pattern. When they are differenced, they enhance waves in a complementary
pattern. Figure 7 contains the azimutha] pattern of the four beanms formed by
the sum and difference between the two sets of strain and inertial seismographs
oriented toward azimuths of 325 deg and 55 deg. The solid lines are the
Tesponse to apparent horizontal waves such as Rayleigh and the horizontal
component of P and SV. The dashed lines are the response to horizontal trans-
verse shear waves such as Love, G, and sH, The beam patterns shown in figure
7 are independent of frequency and apply to long-period and short-period re-
cordings alike. Table 1 is a list of the relative response of the QC-AZ beams
to the two earthquakes,

At the time of these earthquakes, the second film recorder was just beginning
Operation and magnifications had not beer equalized for the sum and difference
traces. Figure 8 was brepared by playback of the magnetic tapes. The traces
are identified on the left of the figure. The top and bottom traces are VELA
binary coded decimal (BCD) time code indicating Greenwich Civil Time (GCT).
Five minute time marks are identified above the traces. There is some overlap
between lines in the figure. The first four seismic traces are related to the
325 deg azimuth with the sum of the strain and pendulum seismographs on top,
then the strain, the pendulum, and the difference seismographs. The next four
seismic traces are a similar arrangement for the 55 deg azimuth. The last
three seismic traces are the vertical pendulum, the sum of the two orthogonal
horizortal strain which is theoretically equal about -3 times the vertical

strain, and the difference between the orthogonal horizontal strain seismographs.

According to theory, orthogonal horizonta] strain seismographs will enhance
Rayleigh waves and will not respond to Love waves. The difference between them
will enhance Love waves, but it will also respond to Rayleigh waves.
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Figure 6.

Great circle paths from two earthquakes to QC-AZ
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-AZ. Solid lines are response
to Rayleigh and horizonta] component of P and Sy waves;
dashed lines are résponse to Love, G, and SH waves.
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Table 1. Relative response of strain/inertial
complex to two earthquakes

EVENT 1 EVENT 2

LOCATION SANDWICH ISLANDS ALEUTIAN ISLANDS
DISTANCE 113.5 deg 50.6 deg
AZIMUTH (STATION- 142.5 deg 312.0 deg

TO-EPICENTER)
m, 6.0 5.4
RESPONSE IN 325 DEG

AZIMUTH

RAYLEIGH WAVES 0 1.9

LOVE WAVES 0 0
RESPONSE IN 145 DEG

AZIMUTH

RAYLEIGH WAVES 2.0 0

LOVE WAVES 0 0
RESPONSE IN 55 DEG

AZIMUTH

RAYELIGH WAVES 0 0

LOVE WAVES 0.95 1.17
R=SPONSE IN 235 DEG

AZIMUTH

RAYLEIGH WAVES 0 0.25

LOVE WAVES 1.05 0.75
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The arrival times of many earthquake phases are enhanced considerably with wave
identification clarified and in many cases the time breaks are sharpened for
accurate timing. Earthquale phases are identified in the figure with the
phases from event 1 on the upper line and from event 2 on the lower line.

All of the arrivals from event 2 are smaller than those from event .. Several
arrivals are particularly interesting. The time break is sharpened for PS

and PPS on S-P325L at 2032:37 and 2033:23. An unidentified phase arrival is
detected on the PZL and S-P325L at 2034:08. The SSS and SKKKS arrivals are
detected on S-P225L and can be timed at 2043:24 and 2044:18. The arrival of
the LQ Love wave from event 1 is enhanced on the S-P55L at about 2053. The
possible arrival of LRl Rayleigh wave from event 2 at about 2053 is indicated
by possible signals on S+P325L, S+P55L (?), PZL, and S325L+S55L. The LRIl
Rayleigh wave from event 1 at 2058 is enhanced on the S-P325L and cancelled

on the S+P325L even with the magnetic tape recorder clipping. Many body phases
are detected as arriving after the times for presently tabled phases. These
phases are probably eigger (a) multiple core reflections, (b) second reflected
phases arriving by the Mong arc, and/or (c¢) thrice reflected phases arriving
by the short or long arc. Snme of these body phase arrivals are:

Suspected type Nearest Channel detecting
of arrival minute phase
P 2101 PZL, S325L, S-P325L?
S 2101 S$325L-S55L, S-P325L7
P or S? 2103 ' PZL, S325L+S5S5L
S$325L-S55L, S-P325L
P i 2104 S-P325L, S-P55L
S325L+S55L, PZL
P or §? 2105 PZL, S-P325L, S+PS5S5L
S§325L+S55L, S325L-S55L
P or §? 2108 S~-P55L, S325L+S55L, PZL
P or §? 2109 PZL, S-P325L, S-P55L
S$325L-SS5L

11.2 ENCHANCEMENT OF SHORT-PERIOD WAVES

Although the primary objective of Project VI/8706 is to develop methods of
long-period wave discrimination, magnetic tape recordings are being made of
short-period (SP) inertial and strain seismographs. The SP strain and inertial
seismographs can be added and subtracted for the same azimuthal response as
shown in figure 7. Two examples of enhancement accomplished with the short-
period systems are shown in figures 9 and 10. At the time of these recordings
the P55S inertial sei<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>